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TOPOGRAPHIC CHARACTERISTICS OF DRAINAGE BASINS

By Warrer B. LangBEIN and others

ABSTRACT

River floods are the result of many causes, and one of the primary
objectives of scientific hydrologyis the segregation and evaluation of the
causative factors. The climatic factor and the soil-vegetation com-
plex are variables that exercise their principal influence on the volume
of runoff, The topography of drainage basins is a sensibly permanent
characteristic which influences mainly the concentration or time
distribution of the discharge from a drainage basin. River systems
differ in their efficiency as agencies for collecting and conducting water.
In some systems, surface waters are quickly assembled, and the dis-
charge reflects somewhat sensitively the variations of the available
supply. In others, the surface drainage is longer delayed and the
discharge is released slowly.

As a basis for quantitative studies of these evident differences in
behavior, selected topographic features for about 340 drainage basins
in the northeastern United States were studied, using Geological Sur-
vey topographic maps. The data were compiled in cooperation with
the Work Projects Administration of the Federal Works Agency and
included information on drainage area, length of streams, stream
density, land slope, channel slope, area-altitude distribution, and area
of water bodies of basins that ranged in extent from 1.64 to 7,797
square miles. Considerable effort was made to assure accuracy of
the computations by appropriate checks, and the results are summa-
rized in the table at the end of this report.

The results indicate that none of the topographic factors are unique,
but each reflects a condition that also influences the gthers. For
example, steep land slopes are generally associated with siffep channel

slopes and conversely. A significant variation of slope altitude
with area of basin is found, and stream density tends to vary*with the
land slope.

INTRODUCTION

This report presents a compilation of topographic data on drainage
basins in the northeastern United States. The configuration of the
earth reflects the impact of many natural forces, and it in turn exer-
cises profound influence upon man. Most of these influences are so
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126 CONTRIBUTIONS TO HYDROLOGY, 1944

basic that they have shaped life and civilization into conformity with
them. Mountains, plains, valleys, and rivers each favor or retard
man’s search for economic stability. Within human history the
first three have remained unchanged. Rivers, on the other hand,
fluctuate in size from day to day and from year to year. The ampli-
tude and frequency of these fluctuations, so significant with respect
to navigation, water power, irrigation, and such riparian developments
as cities and highways, are largely determined by three separate, yet
interdependent features, namely climate, physiography, and the soil-
vegetation complex. The interrelation of these three features with
the behavior of rivers is imperfectly understood and is the subject of
much investigation. This report singles out the physiography of
the land for attention.

The relations between the rate, volume, and fluctuations of rivers
and the topographic characteristics of the land they drain and through
which they flow may be readily determined after discerning examina-
tion of the terrain and river developments, but eéxpressing them in the
quantitative terms necessary for the economic design of structures
for river utilization or control requires first, topographic maps, and
second, records of river flow of length adequate to define the behavior.

The stream-gaging program of the Geological Survey is Nation-
wide and now includes over 4,500 river-measurement stations, at
which more than 65,000 station years of record were available in
1942. These records furnish an adequate source of material concern-
ing stream behavior. The mapping program of the Geological Sur-
vey, also Nation-wide, is in general not so complete. Although about
50 percent of the country has been mapped, only States in the north-
eastern part have been completely covered; the scattered areas
mapped in other States generally do not cover completely the areas in
which stream-gaging has been carried op, so that only a small fraction
of them are suitable for use in comparisons of stream-flow character-
istics or river morphology.

In the noptheastern and north-central States the range in topog-
raphy is su%ient to furnish a basis for studying its effect on stream
flow. The stopographic characteristics compiled from the maps
and summdirized in this report can only be evaluated by a considera~
tion of the hydrology of stream flow, the assembling of waters in a
drainage system, and the hydraulic elements that regulate velocity of
flow. Many stream-flow characteristics are related either directly or
indirectly to topographic features. It would seem, however, that the
factors most sensitive to topographic difference would be those
relating to floods. In this study, therefore, particular although not
exhaustive attention is given to the correlation of flood-flow charac-
teristics with topography. This information will serve as a basis for
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further study of such correlations and also of other characteristics,
such as volume yield, erosion, and deposition of sediments. Similarly
the topographic data offers basic material for studies of river mor-
phology, as geologic evidence suggests that a significant portion of
river-channel development takes place during flood.

COOPERATION AND PERSONNEL

The cooperative project for the compilation of topographic data
was undertaken in 1939 by the Works Progress Administration, which
on April 25, 1939, became the Work Projects Administration under
the Federal Works Agency. Their cooperation in organizing compe-
tent working groups is especially acknowledged. The Geological
Survey sponsored the project and furnished technical direction, maps,
and supplies. This work was carried on by W. B. Langbein, under
the general direction of R. W. Davenport, chief of the Division of
Water Utilization. The project at Boston, Mass., was under the
supervision of H. B. Kinnison, district engineer, and his associates,
particularly C. E. Knox, M. A. Benson, and B. R. Colby. The con-
duct of the work at Pittsburgh, Pa., was ably managed by Wm. S.
Crozier, supervisor for the Works Projects Administration. Mr,
Crozier died January 21, 1941, near the close of the project. H. M.
Erskine, associate engineer of the Geological Survey at Pittsburgh,
maintained close contact with the project there, and its continuity
and efliciency may be largely credited to his competent administration.

METEOROLOGIC FACTORS AFFECTING RUNOFF

River floods are the result of many causes, and one of the primary
objectives of hydrologic study is the segregation of the causative
factors and the evaluation of their effects on the resultant floods
under various associated conditions.

Readily apparent is the source of the water, generally an unusual
amount of rainfall, which may be characterized by great intensity
and in many regions may be augmented by water from melting snow.
Water in excess of that which can be absorbed by the ground or evap-
orated into the air directly or through vegetation collects in the
stream channels that drain the area. Once in the stream system, the
runoff flows to the mouth through channels which, as the trunk of a
network of streams, progressively increase in size as contributions
are received from tributary streams.

The quantity of rainfall or snow melt, its time distribution, and the
associated soil, vegetal, and climatic conditions that determine the
portion of the supply that becomes direct runoff are to a large extent
variable characteristics of individual storms. These variable edaphic
and climatic factors are separate phases of the rainfall-runoff relation.
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The channel system, however, is a relatively permanent characteristic
of a drainage basin. Some influential changes may take place in this
system; for example, variations in seasonal vegetation along the banks
may affect the hydraulic conveyance, floods may scour or deposit
sediments, and old bends may be cut through and new ones created.
Although the effect of these changes on local flood stages may be
considerable, it is assumed that the resultant effect on total discharge
from a basin will tend to be compensating and that even the cumulative
effect on flood-discharge characteristics during a period as short as
the usual stream-gaging record would be minor.

DIFFERENCES IN CHARACTER OF DRAINAGE BASINS

River systems differ in their efficiency as agencies for collecting and
conducting water. In some systems the surface waters are quickly
assembled, and the discharge therefrom reflects somewhat sensitively
the variations of the available supply. In othersthe surface drainage
is longer delayed and the discharge is released slowly. This difference
is Nlustrated in figure 48, which shows the hydrographs of two nearby
streams, each draining about 50 square miles of coastal areas of New
Jersey, during a flood in June 1938. The rainfall causing these floods
and the volume discharged were nearly the same for both areas. The
difference in behavior illustrated by the hydrographs is normal for
these two basins and may be accounted for largely by the differences
in physiographic characteristics, Manasquan River having about
twice the gradient of Great Egg River and about one-fifth the swamp
area.

PREVIOUS STUDIES

The fact of relationship between the time distribution of discharge
during a flood and the size, shape, and gradient of a drainage system
is widely recognized. Few attempts have heretofore been made to
determine this relationship quantitatively, probably because of the
volume of labor required to evaluate the topographic factors.

Horton ! in 1926 and again in 1932 discussed the desirability and
need for a quantitative rational procedure and proposed methods for
evaluating certain pertinent physiographic factors.

Pettis 2in 1927 presented a formula to compute the maximum flood
discharge, in which the five-fourths power of the average basin width
was used.

Gregory and Arnold 2 in 1932 developed in detail certain expressions

{ Horton, R. E., in Jarvis, C. 8., Flood-flow characteristics: Am. Soe. Civil Eng. Trans., vol. 83, pp.
1081-1086, 1926; Drainage-basin characteristics: Am. Geophys. Union Trans., No. 13, pp. 350-361, 1932.
2 Pettis, C. R., A new theory of river flood flow (published privately, copyrighted 1927).

3 Gregory, R. L., and Arnold, C. E., Rational runoff formulas: Am. Soc. Civil Eng. Trans., vol. 96, pp.
1038-1175, 1932,
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FIGURE 48.—Hydrographs of two streams in New Jersey during flood of Fune 1938,

and procedures applicable to small drainage areas for translating rain-

fall into rates of stream flow in terms of basin characteristics.
Bernard * carried Gregory and Arnold’s expressions somewhat

further and presented formulas applicable to a few selected basins.

4 Bernard, M. M., An approach to determinate stream flow: Am, Soc. Civil Eng, Trans., vol. 100, pp.
347-395, 1935.

747049—47——2
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Sherman % in 1932 presented unit hydrographs for four streams
whose drainage areas and slopes differed widely. He explained how
the unit hydrographs -expressed these differences and suggested that
basins having physical characteristics similar to the four types pre-
sented would have similar hydrographs.

MecCarthy ¢ in 1937 also used the unit hydrograph as an expression
of the runoff characteristics of a drainage basin, stating further that
“the agreements between graphs developed from May and November
storms substantiate the contention that primarily the unit hydrograph
is a function not of surface cover, which may be subject to seasonal
change, but of topographic features of a watershed.” From this
postulate he derived a working relationship between the crest dis-
charge and the length of base of unit hydrographs of 25 drainage
basins' in the Connecticut River Basin, in terms of the area, mean
slope, and stream pattern, determined by inspection and expressed
as one-stem basin, two-stem basin, and so on, for application to ﬂood—
control design.

Morgan and Hullinghorst 7 in 1939 stated:

The factors which determine the discharge characteristics of any watersned
are innumerable, some having a major bearing on those characteristics while
others are of negligible consequence. It was determined by examination of nine
gaged basins having complete unit hydrograph and watershed data, and corrob-
orated by examination of a number of gaged basins with data ranging from
almost complete to fragmentary, that the discharge characteristics can be attri-
buted principally to three fundamental, definite watershed -characteristics,
namely,

a. Area of the watershed in square miles,

b. Mean length of travel in miles, and
c. Mean height of watershed above outflow station in feet.

On this basis, empirical relations between these three factors were
established for nine streams tributary to the Chemung River in New
York.

PURPOSE AND SCOPE OF THE PRESENT STUDY

The present project was designed to provide basic material whereby
investigations such as those outlined can be carried further, the range
being limited, of course, to areas adequately mapped, which are
mainly in the northeastern United States. Prior to this study, refer-
ences to the subject were read with the view to determining which
topographic factors were considered to have major influence upon

8 Sherman, L. K., The relation of hydrographs of runoff to size and character of drainage basins: Am,
Geophys. Union Trans., No. 13, pp. 332-339, 1932.

¢ McCarthy, G. T., The unit hydrograph and flood routing (unpublished manuseript presented at cone
ference of North Atlantic Division, Corps of Engineérs, U. S. Army, June 24, 1938).

1 Morgan, R., and Hullinghorst, D. W., Unit hydrographs for gaged and ungaged watersheds: U, 8.
Engineer Office, Binghamton, N. Y., July 1939. [Processed.]
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discharge characteristics, and, so far as practicable, the suggestions
thus obtained were incorporated in the project as proposed for cooper-
ation to the Works Progress Administration (succeeded on April 25,
1939, by the Work Projects Administration). The compilation was
based upon the topographic maps of the Geological Survey covering
areas tributary to gaging stations of the Geological Survey.

In the organization of a surface-water system, and of a large part
of the ground-water system as well, the drainage basin is a natural
hydrologic land unit. Surface runoff is divided into drainage basins
by the watersheds, and within each basin it follows & system of water
courses in which the flow undergoes retardation, acceleration, or other
changes that are distinctly related to the physical characteristics of
that basin. Similar conditions exist with respect to all or most of
the ground-water runoff. KEssentially all the water within a given
basin, except that which is lost by evaporation or transpiration,
drains out through a common outlet or mouth.

For purposes of analysis, a major stream basin may be subdivided
by considering the area tributary to the stream at any given point,
for example, a gaging station, as a basin having its own characteristics.
The separate characteristics of several contributory areas may then
be combined to obtain the resultant for the major basin.

Geographic and topographic characteristics of drainage basins,
based largely on certain horizontal and vertical dimensions, were
selected for compilation and study. Geographic charaecteristics
include water bodies, direction of stream flow, latitude, and longitude.
Topographic characteristics include horizontal dimensions covering
basin area, stream length, and area-distance distribution, and vertical
dimensions covering land slope, tributary and principal stream slopes,
and basin altitude.

In selecting basins for this study preference was given to those for
which long-term stream-flow records are available and to those free
from artificial regulation. In addition to areas in the northeastern
States and the Ohio River Basin a few surveyed areas in Wisconsin
and Kentucky were included to spread the range in geographic extent
and topographic characteristics. Many basins in New York, Penn-
sylvania, and New Jersey that might otherwise have been included
were not studied because of insufficient time.

Besides listing topographic and hydrologic data, the original records
afford a gazetteer of streams and lakes. Maps were prepared showing
the stream skeleton of each basin, with names of streams, length from
confluence to confluence, and drainage areas and altitudes pertinent
to the subdivisions. A list of lakes and ponds, giving names, locations,
and approximate altitudes and areas was also prepared, much of the
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data for basins in New York State being based on a gazetteer by
E. M. Douglas.®

The summarized results of the compilation, covering about 340
basins, are given in the table on pages 145-155. The original records
are on file at the office of the Geological Survey in Washington, D. C.,
and the computations for basins in New England (except Maine) are
on file also at the Boston .office of the Geological Survey.

METHODS OF WORK
MAPS

Quadrangle maps on the scale 1:62,500, are the basis of this com-
pilation, except for a few areas in New Jersey where more detailed
maps were available. On these maps the gaging stations were located
and the tributary basins with sub-basin divisions were outlined.
Generally, each basin was divided into 50 to 75 sub-basins. Care was
taken that the sub-basins crossed the streams only at confluence
points. To systematize the necessary tabulations, the sub-basins
were numbered in accord with the following system, which is illus-
trated on plate 2.

The headwater basin farthest upstream (the one farthest removed
from the gaging station along the main stream) is called no. 1; the
sub-basin which it joins at the first confluence point is called no. 2;
the sub-basin (or intervening area along the combined channel) below
the confluence of sub-basins 1 and 2 is called no. 3; the next tributary
sub-basin is called no. 4, and so on. Where a large tributary stream
that has been subdivided joins the main stream, the next consecutive
number is assigned to the farthest upstream sub-basin of this tribu-
tary. This constitutes the lowest number on such tributary, and the
sub-basins of the tributary system are then numbered in the same
manner as those of the main stream, down to the sub-basin immedi-
ately above the confluence of the tributary with the main stream.
The succeeding number is assigned to the sub-basin along the main
river immediately below the confluence, as before. The highest
number in a basin is that of the sub-basin immediately above the
mouth of the main stream; it indicates the number of sub-basins into
which that drainage area is divided. As shown on plate 2 the number
of each sub-basin is the large integer near its center; the smaller
figures represent area, length of stream, and altitude.

8 Douglas, E. M., Gazetteer of the lakes, ponds, and reservoirs of the State of New York: Map Informa-
tion Office, Board of Surveys and Maps, 44 pp., Washington, 1926. [Processed.}
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AREA OF BASINS

The total area of the basin within the watershed lines above the
selected gaging station is the primary basin factor. In a humid climate
the volume of discharge varies divectly with the size of the tributary
drainage area. Accordingly, the area in square miles was measured,
not only of the main basin above the gaging station but also of a
number of sub-basins (generally over 50). The size of the basins
included in this compilation ranges from 1.64 to 7,797 square miles.
In general, large streams were excluded because the size of sheets
became unwiéldy, because some contained unsurveyed areas, and
because their stream-flow characteristics could best be determined by
synthesis of their components.

STREAM DENSITY

The runoff from the several parts of the drainage basin is discharged
by the streams, and, other factors being constant, the time required
for the water to flow a given distance is directly proportional to the
stream length. The stream or drainage density is-the ratio between
the total length of all streams within the drainage basin and the total
area of the basin and is an indication of the drainage development.
Accordingly, the length of all streams down to the smallest shown on
the topographic maps was measured to determine the stream density
and the area-distance distribution.

The number of small headwater streams shown on the topographic
maps would vary with the season and the wetness of the particular
year during which the survey was made, as well as with the judgment
of the topographer and cartographer as to the amount of detail to be
shown on the map. These circumstances introduce a measure of
inconsistency in stream-density results as determined from maps.

The ratio of stream density for the basins included in this compila-
tion, all of which are in the humid region, ranges from 0.89 to 3.37
miles per square mile and averages 1.65 miles per square nrile. Other
factors being equal, high drainage density indicates a more effective oper-
ation, of the agencies of stream incision. Greater incision, for example,
would be associated with steep land slopes. Opportunity for incision
would be greater also where most of the discharge occurs as surface
~ runoff rather than through ground-water channels; such a condition
exists in areas where the ground is sufficiently impervious to shed
storm rainfall. Drainage density is greater in humid regions than in
arid regions; it would approach zero in flat, sandy desert regions and
would approach a maximum in steep, rocky, humid regions.
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The variation of stream density with the land slope is shown by the
‘following data derived from groups of basins in New England.

Variation of stream density with land slope

Range in stream Average land
density slope
(miles per square (feet per
mile) mile)
1.00 to 1.25_ e 290
1.26 £0 150 — o o o e e e 550
1.51 60 2.00 C oo el 600
2.01 to 2.25_ e 700

The mean land slopes for basins in New England having drainage
densities within the ranges indicated in the above data were averaged,
and the results indicate that, in general, in a given region the higher
drainage densities are associated with the steeper land slopes. The
reciprocal of the drainage density is the average distance between
streams, and half the reciprocal of drainage density is the average
horizontal distance between the streams and appurtenant watershed
lines, measured at right angles to the streams. Drainage density
appears to be inversely related to the distance of overland flow as
distinguished from flow in stream channels. However, in basins
sufficiently permeable so that all rainfall can be taken directly into the
soil through infiltration, the drainage density approaches zero and is
associated with zero overland flow.

AREA-DISTANCE DISTRIBUTION

The concentration of runoff from drainage basins of equal size may
be greatly affected by the distribution of the area with respect to dis-
tance from the gaging station or outlet. Other factors being equal,
the runoff from areas close to the gaging station should reach it
sooner than water from remote areas. Accordingly, a drainage basin
whose tributaries are compactly organized, so that water from. all
parts of the basin has a comparatively short distance to travel, will
discharge its runoff more quickly and reach greater flood crests than
one in which the larger part of the area is remote from the gaging
station or outlet. This basin characteristic is expressed in the sum-
mary table by the quantity Zal, computed by multiplying each partial
area in the basin (a) by the channel distance from the midpoint of the
main stem serving it, downstream to the gaging station (1). Distances
along the stream channels were measured in 0.1 mile chords.

In a sense this quantity is also a measure of the volume of channel
storage in the basin. For example, if under a given regime of flow
the cross-sectional area of a river at a given place varies directly as
the drainage area above, then the volume in any given reach would
vary as the product of a coefficient by mean drainage area above the
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reach by the length of the reach. The coefficient would be a function
of the stage of the regime selected, the slope of the reach, frictional
resistance, and other hydraulic factors. No method is proposed for
evaluating the coefficient. However, the sum of the products of
mean drainage area and length of reaches for a given basin is equal
to the product Zal which was derived by both methods of computation.

The most compact drainage basin would be a glory-hole inlet, and
the product. Zal for such a basin is 0.375 A **® where A represents
total area; for an equilateral triangle, with reference to an outlet at
one of the vertices, the product is 0.94 A !%°; and for a square, with
reference to a corner, it is 0.76 A -®,  Figure 49 shows the results of
plotting the products Zal against the corresponding drainage area.
Only enough points are shown to define the line of regression, whose
equation is 0.90 A % or more approximately 1.2 A '%°, within the
range shown. Natural basins are generally less compact than any
of the geometric shapes mentioned.

Additional subdivision of a basin beyond the 50 to 75 sub-basins
generally used would tend to increase the value of the product Zal.
However, a study of West River Basin, above Newfane, Vt., indicates
that the product Zal for 20 sub-basins was 6,620, for 50 sub-basins
6,810, and for 100 sub-basins 6,860. The values given in this report
may therefore be considered essentially correct limiting values.

Points on the right of the trend line (fig. 49) represent basins less
compact than the average, and those on the left the more compact.
The regression line therefore furnishes a standard for comparing the
relative compactness of different basins.

LENGTH OF BASIN

The table pp. 145-155) lists the length of longest watercourse in
each basin measured in 0.1-mile chords to the source of the most
headward stream. This length, when divided by the mean velocity
of flow will give the time of concentration as used in the rational
formula for the computation of flood ‘discharge. .

The mean length of travel of runoff or the distance to the center of
gravity of the drainage system may be found by dividing the quantity
Zal by the drainage area in square miles. This quotient is commonly
identified by the symbol L,,. The table also lists the length of princi~
pal streams as defined under “Channel slope.”

LAND SLOPE

Rainfall or snow melt which becomes direct runoff flows over the
surface of the ground or, where the surface seil is shallow and per-
meable, immediately beneath it over the bedrock. The average
distance water travels before entering a stream channel may be
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expressed in terms of stream density. (See p. 133.) The rapidity
with which the water travels to the streams likewise depends on the
slope of the land.

The contours on the topographic maps provide a basis for determing
the slope of the land by the intersection-line method outlined by
Horton ? as follows:

The intersection-line method.—In order to reduce the labor of computation of
slope of large areas the author has utilized the following method. An area the
slope of which is to be determined is subdivided into squares of equal size by lines
forming the boundaries between adjacent squares. The number of contours
crossed by each subdividing line is counted and the lengths of the lines are scaled.
Then the average scale-distance I’ between contour crossing in the subdivision
lines is .

=l

r==

where N is the number of contours crossed and =I is the total length of the sub-
dividing lines. If « is the horizontal angle at which each of two parallel contours
crosses an intersection line, then !’ gin « ig the horizontal distance between the two
contours measured normal to the contours. Contours may cross the intersection
lines at all angles from 0° to 90°. The mean value of sin « for angles from 0° to
90° is

L3

2 .
sin ade_2 _4.6366
k.3 k3

0 2

If D is the contour interval or difference in elevation in feet, and L is the average
normal horizontal distance between contours, then

L=0.6366 V
and the mean slope Sg of the area is ~
D

0.6366 2

DN

Sg

In applying this method it is assumed that each contour crossed represents a
difference of elevation along the subdivisional line equal to the contour interval.
Of course it may happen that two adjacent contours are at the same elevation and
are separated by land only a little higher or lower. On an average, however, the
elevations of summits or depressions between equal contours will differ from that
of the adjacent contours by an amount equal to one-half the contour interval, and
it can readily be seen that the average declivity between a pair of contours of equal
elevation is nearly the same as if the contours were separated by the contour
interval D, so that the method gives nearly correct results even where the sub-
division lines cross adjoining contours of equal elevation, as in the case of summits
and depressions. '

9 Horton, R. E., Drainage-basin characteristics: Am. Geophys. Union Trans., No. 13, pp. 350-361, 1932,
747049—47——3
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By making the subdivision lines sufficiently frequent, the average slope of an
area may be determined with whatever degree of accuracy is required.

This method has been tested by comparison of slope for the same area computed
from the measured total lengths of contours, with, in general, good agreement.

In carrying out this computation, the slope along the meridian lines
is computed separately from the slope along the parallels of latitude.
Where there is a great difference between the land slope in the two
directions, the orientation of the basin is determined by the axis of
least slope. Where the east-west slope and the north-south slope are
nearly the same, the line of orientation may be approximately midway
between the two, or it may not be clearly defined in either direction
in a cup-shaped or fan-shaped basin. Land slopes listed in the table
range from 1,598 feet per mile for the upper Pemigewasset River
Basin in New Hampshire to 55 feet for Great Egg River in Coastal
New Jersey.

Paulsen ™ found, during the flood of September 1938 in the North
Atlantic States, that the infiltration index tends to increase with
decrease in mean land slope. He states that “although the slope of the
land itself might influence the retentive capacity of the ground, this
tendency may be due to other factors related to slope, such as depth
of soil cover.”

CHANNEL SLOPE

Upon leaving the land the runoff enters the channel system, through
which it flows in channels that increase progressively in size with the
entrance of additional water. Channels in a drainage basin are clas-
sified for study as principal and tributary. The principal streams of
a basin are defined as those that drain 10 percent or more of the total
area of the basin; tributaries are defined as those that drain less than’
10 percent of the area of the basin. The average slope of the tribu-
taries and of the principal streams is computed separately as the
quotient of the total fall divided by the corresponding total length
and is reported in the summary table.

In computing the slope of the stream channels, only the largest
stream in each sub-basin is considered. Thus, if & basin is divided
into 75 sub-basins only 75 stream lengths and falls are measured.
These stream lengths are classified as principal or tributary, and the
average slope of each is computed. As only one stream in each sub-
basin is included in the classification, many minor headwater streams
are excluded fromn consideration; consequently, the reported slope of
the tributary stream is affected by the number of subareas into which
the basin is divided. The reported mean slope of the tributary

10 Paulsen, C. G., Hurricane floods of September 1938: U. 8. Geol. Survey Water-Supp'ly Paper 867, pp.
440-441, 1940. .
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streams increases as the number of subareas becomes larger, thus
embracing more steep minor headwater streams. This is illustrated
in figure 50, which shows the result of a comprehensive study of the
slope of tributaries of West River at Newfane, Vt. The asymptote
resulting from that study is about 225 feet per mile, whereas the
channel slope obtained with 53 subareas (see table, No. 1-354) is
200 feet per mile.

The slope information for the several drainage basins listed in the
table discloses that a steep land slope is generally associated with
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Fiaure 50.—Variation of computed slope of tributary streams with number of subareas, West River at
Newfane, Vt.

steep tributary and prineipal channel slopes and conversely, as might
be expected. There is, however, no systematic variation; moreover,
according to geometric analysis by Horton,” the ratio between
principal channel slope and average land slope is a measure of the
horizontal angle that the lateral slope makes relative to the stream
. slope. A low slope ratio indicates that the laterals tend to enter the.
streams at right angles, whereas the angle of inflow into the stream
‘becomes more acute as the channel slope approaches equality with
the ground slope. This slope ratio tends to decrease with increase in
drainage area, but varies considerably between drainage basins of
equal size.

u Horton, R. E., op. cit., p. 360.
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AREA-ALTITUDE DISTRIBUTION

Another method of expressing the slope of the basin is by means of
the altitude of the several parts with reference to sea level. This is
best expressed through the hypsometric curve, as a graph showing the
area-altitude distribution is called. Although the area-altitude dis-
tribution was derived for each basin, only the maximum, mean, and
minimum altitudes as determined from the topographic maps are
shown in the table. From this information, however, the area-
altitude distribution curve can be readily approximated. Figure 51
shows the hypsometric curves for several basine plotted in terms of
percent of range in altitude and percent of area above the indicated
altitude. The variations are wide, but in general the mean altitude
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FiGURE 51.—Typical hypsometric curves for drainage basins.

1-104. Swift River near Roxbury, Maine.

1-153. East Branch of Pemigewasset River near Lincoln, N. H.
1-175. Lake Winnipesaukee outlet at Lakeport, N. H.

1-435. Quinnipiac River at Wallingford, Conn,

1-464. Leadmine Brook near Thomaston, Conn.

3- 18. Brokenstraw Creek at Youngsville, Pa.

4-250. Otter Creek at Center Rutland, Vt.
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of a basin is located at 0.34 of the range between the minimum and
maximum; thus a basin is comparable to the surface of a cone.

The area-altitude distribution curve has several applications. For
example, snow surveys generally show an increase in depth of cover
and water equivalent with increase in altitude; ths area-altityde rela-
tion provides a means for estimating the mean depth of snow or its
water equivalent over a drainage basin. Barrows!? describes a signifi-
cant variation in annual precipitation and runoff in the Connecticut
River Basin with respect to altitude. The obvious variation in
temperature with change in altitude is further indication of the utility
of the area-altitude distribution curve.

The mean altitude of the basin above the altitude at the outlet or
gaging station represents the potential head of a uniform depth of
water over the basin with respect to the outlet or gaging station, and
as such is a factor in determining the rate at which the waters are
collected and discharged. The data in the summary table shows
that, in general, the land slopes and channel slopes vary with the mean
altitude of the basin above the outlet. Thus steep slopes are associ-
ated with a high altitude above the outlet, and conversely. A rough
average relation between slope and mean altitude is as follows:

h=K181 +K28; "l‘KzSp
where K;=0.31

K, ranges from 0.97 at 50 square miles to 3.0 at 1,000 square miles.
K, ranges from 3.5 at 50 square miles to 23.4 at 1,000 square miles.
Si=mean land slope, in feet per mile.

S,=slope of tribbutary streams, in feet per mile.

S,=slope of principal streams, in feet per mile.

AREA OF WATER SURFACES

The effect of storage in retaining flood runoff and prolonging its
discharge until the flood_in channels farther downstream has begun
to subside tends to reduce flood peaks and increase the time lag be-
tween rainfall and its consequent runoff. Natural storage in lakes
. and ponds and artificial storage in reservoirs aids this retardation.
A measure of the amount of storage available for such modification
of flood discharge can be derived from the surface area of the water
bodies shown on the topographic map. (See table.) The computa-
tions at Boston included the determination of swamp areas, which had
been part of an earlier project carried on in 1936 in cooperation with
the Works Progress Administration; this covered compilations for the .
Merrimac and Connecticut River Basins, both in square miles and

12 Barrows, H. K., Precipitation and runoff and altitude relations for Connecticut River: Am. Geophys
Union Trans., 14th Ann. Meeting, pp. 396-406, 1933.
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in drainage percent.® The computations made at Pittsburgh did
not include swamp areas.
~ The areas of swamps as reported would be affected by the hydro-
logic conditions under which the topographic surveys were made.
Surveys made in spring or early summer would probably show a
greater swamp area than those made in late summer or fall, and
surveys in a wet year would show marked contrast with those made
in a dry year. It is not known to what extent the results given in
the table were affected by hydrologic conditions.

It should be pointed out that the area of water surfaces is only
one medsure of their effect on the time distribution of flood discharge.
The position of the water bodies in the river system is also important;
thus a large pond near the headwaters would affect but a small
part of the runoff, whereas one of the same size farther downstream
would affect a larger part of the runoff.

In addition to the effect of storage in modifying the shape of flood
waves or the time distribution of runoff, the total volume of runoff may
be influenced by evaporation from lakes, reservoirs, and swamps.
The loss of water by evaporation from water surfaces in the northeast
is about twice that from land surfaces, per unit of area. Accordingly,
basins with a large proportion of water and swamp surfaces may be
expected to yield less runoff than those with a small proportion.

In many of the basins listed in the table the proportion of lake and
swamp areas exceeds 10 percent, and in a few, especially in New Eng-
land, it approaches 20 percent; doubtless the effect on water losses is
significant. The percentage of lake area is highest in New England
and northern New York and generally in the glaciated portions of
the areas studied.

SUMMARY OF RESULTS

The summary table that follows gives the results of measurements
on topographic maps on a scale of 1:62,500. It includes about 22,000
areas covering 145,000 square miles. A total of 240,000 miles of
stream length was measured, and nearly a million contours on the
topographic maps were counted and translated into land and channel
slopes.

Reference has already been made to general relationships between
the topographic factors listed in the table. Each item is not neces-
sarily unique, but it may reflect a condition that also influences the
others, consequently other relationships between them may be found.
For example, figure 52 shows that, in general, larger drainage areas
are associated with flatter stream slopes; but average land slopes and

B Grover, N. C., The floods of March 1936, pt. 1: U. 8. Geol. Survey Water-Supply Paper 788, pp. 335-338,
1937. :
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mean altitudes of drainage basins above outlets or gaging stations
show a tendency to increase with drainage area. The points shown
on figure 52 correspond to averages of groups of drainage basins within
limited ranges in size. If individual basins were plotted on figure 52,
material scattering of points would result, the basins plotting on the
left being relatively flatter than those on the right. The average
curve therefore provides a means for comparing the slopes and alti-
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FIGURE 52 —Graph showing general variation in stream slopes and altitude in relation to size of drainage
basin;

tudes of basivs of different size. The divergent trends of the lines

showing principal channel slope and |average land slope indicate that

the slope ratio of the basins analyzed tends to decrease with increase

in drainage area.

A principal shortcoming of the computations of physical character-
istics may be that it was not practicable to determine in detail the
distribution of stream and land slopes and of lake and swamp areas
within every area. Steep slopes on & few tributaries may increass the
average slope considerably, yet thesp slopes may have little effect on
flood-peak discharges. Moreover, the course of a river in a given
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length may be characterized either by uniform slope or by a series of
pools with intervening rapids or perhaps cataracts. The velocity in
a stretch of uniform slope would probably be the greater if other fac-
tors were constant, as pools have a detention storage effect and the
fall at rapids or cataracts imparts but little horizontal velocity to. the
water. A lake on the headwaters of a stream may have no noticeable
effect, whereas a lake of the same size on the main channel near the
lower reaches of an otherwise flashy stream may greatly modify flood
discharges. Also, steep slopes or abnormally high elevations in the
part of a drainage basin upstream from a lake may affect considerably
the average land slope and the mean elevation of a basin, but the lake
may decrease the flood discharges so much that the outflow from the
lake would differ little from that of a basin in which the slopes and
elevations were much less.

Storage capacity was not computed, as topographic maps furnish
no information'from which channel and lake cross sections at different
stages can be determined, except that they might be crudely corre-
lated with the stream slopes.
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CHARACTERISTICS OF DRAINAGE BASINS
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